Introduction
Cationic amphiphilic compounds, formulated as a liposomal solution, have the ability to interact spontaneously with nucleic acids and to compact them into cationic nanoparticles (lipoplexes). These aggregates have the capacity to cross the cell plasma membrane and to deliver nucleic acids into the cytoplasm. 1 Such nanoparticles demonstrated noticeable interests for different in vitro and in vivo applications including the transfection of cultured cells mimicking pathologic situations 2 , lung transfection, 3 vaccination 4 or tendon healing. 5 Synthetic carriers such as cationic lipids can be synthesized on large scale and according to the Good Manufacturing Practices (GMPs). Furthermore, their use for in vivo applications does not induce any immune response in animal and human hosts, thus permitting repeated administrations. 6 In our group, we have developed straightforward syntheses (in 2 to 4 steps) of bioinspired lipophosphoramidates, 7 lipothiophosphoramidates 8 or lipophosphates. 9 Besides the polar headgroup and the linker,the lipid moiety was identified as a crucial parameter determining the interaction with DNA. However, if DNA compaction is usually required for gene delivery, too much stable lipoplexes typically yield low transfection efficacies as observed for instance with amphiphiles incorporating stearyl (C18:0) lipid chains. 10 The incorporation of unsaturation or ramification (phytanyl chains 11 or synthetically branched lipid chains 12 ) within the hydrophobic moiety disturbs the packing of the lipid chains which in turn is correlated with low temperature fused lipid phase and higher transfection efficacies. It was suggested that a subtle balance between stability (needed before cell internalization) and instability (required after internalization by endocytosis) 13 of the lipoplexes has to be reached. The lipid moiety plays a central role to tune this balance. One possibility consist to place an unsaturation within the lipid chains (e.g. oleyl chains). However, alkene of Z configuration may present some chemical instability 14 . Therefore, it is worth exploring other hydrophobic domains that would be chemically stable and devoid of chirality to design new nucleic acid carriers. Here, our attention focused on the incorporation of a thioether non polar functional group within the hydrophobic domain of cationic amphiphilic compounds. The use of thioether function was reported by Dobner et al. for the synthesis of bolaphospholipids featuring a central lipid chain where two methylene units were replaced with either two oxygen or two sulfur atoms. 15 Molecular modelling pointed out that the incorporation of thioether groups induced two kinks in the lipid chains likely explained by the replacement of the all-trans (BSV-S4) (BSV-S6) (BSV-S10) (BSV-S12) Figure 1 Chemical structure of the new cationic lipo-phosphoramidate 4a-d characterized with thioether-containing saturated alkyl chains and the structure of two benchmark compounds possessing mono-unsaturated C18:1 oleyl chains (BSV36) or saturated C18:0 stearyl lipid chains (BSV101). conformation characterized by CCC bond angle of 113.3° by CSC bond angles of 96.1°. A second study, investigated the incorporation of thioether function within the structure of ionic liquids. 16 It was shown that the replacement of one methylene unit of a C18:0 alkyl chain by a thioether function induced a drastic reduction of the melting point attesting important supramolecular modifications. Moreover, melting point values depended on the position of the thioether function in the alkyl chain underlying an impact at the supramolecular level. Therefore, the present study aims to design cationic amphiphilic compounds in which the Z-C=C double bond of the oleyl chain (xhich is likely the most used for the design of cationic amphiphiles used for nucleic acids delivery) is replaced by a thioether function within a straight (non-branched) hydrophobic domain. Additionally, taking into account the paper of O'Brien et al. 16 that assessed the influence of the position of the thioether function on the physico-chemical properties, we report herein the synthesis of the compounds 4a-d ( Figure 1 ) characterized with a thioether function at different positions in the lipid chains. Two additional cationic amphiphiles were included in this study for comparison purposes. They incorporated either two mono-unsaturated oleyl (C18:1) lipid chains (BSV36) or two saturated stearic (C18:0) alkyl chains (BSV101). The six compounds shown in Figure 1 thus featured exactly the same number of atoms (18 atoms) in their backbone lipid chains whereas the polar head group and the spacer are rigorously identical. This homogenous series of compounds permitted relevant comparisons of both physico-chemical properties and transfection activities allowing to clearly address the potential impact of thioether function within lipid chains of cationic amphiphiles. 
Results and discussion
The synthesis of compounds 4a-d starts by the synthesis of the dialkyl phosphites possessing in ω-position of the alkyl chain one unsaturation ( Figure 2 ). These compounds 1a-d were prepared according to two methods. The first one is based on the reaction of allyl alcohol or pent-4-en-1-ol with PCl 3 followed by a hydrolysis step. 17 The second method, that requires a nonvolatile alcohol, is based on the reaction of alcohol with diphenylphosphite under reduced pressure which is needed to eliminate phenol (a side-product of this reaction) by sublimation. These phosphites 1a-d were then engaged in an Atherton-Todd's reaction 18 with N,N-dimethylethylenediamine to produce the phosphoramide 2a-d. The third step consisted in the quaternarization of these compounds with methyliodide to produce, in good yields, the cationic amphiphiles 3a-d. The last step, make use of the photo-click thiol-ene reaction triggered by UV and using 2,2-DiMethoxy-2-PhenylAcetophenone (DMPA) as radical initiator. Accordingly, alkyl thiols of different lengths were selected to produce at the end the cationic amphiphiles 4a-d each possessing 18 atoms in their backbone lipid chains (spectroscopic data of compounds 4a-d are available in ESI 1). The Critical Aggregation Concentration (CAC) of compound 4ad was determined by fluorescence (using the Nile red as fluorescent probe 19 ). Compounds 4a-d feature similar value (around 1 to 2x10 -5 mol/L) as for BSV101 and BSV36 (ESI 2). Then, all the compounds were formulated as a liposomal solution at 1.5 mM in water by using the lipid film hydration method. Interestingly, we found that it was possible to prepare liposomal solutions with these new cationic amphiphiles after a relatively short hydration time (i.e. 18h), especially when compared with branched lipid chains-containing amphiphiles (which synthesis was previously reported by using thiol-ene click reaction and that required 3 days of hydration before their formulation as liposomal solution). 12 Dynamic Light Scattering (DLS) measurements indicated that liposomal solutions of 4a-d exhibited average sizes from 75 to 94 nm with close polydispersity indexes (0.24 to 0.34). Of note, the smaller liposomes were observed for the compounds for which the thioether function was closer to the polar head group. The zeta potential measurements indicated positive charges from +37 to +62 mV which are typical of liposomes prepared from cationic amphiphiles (ESI 3). Then, we further assessed the supramolecular behaviour of the compounds 4a-d by recording the compression isotherms at the air/water interface (figure 3). These experiments give information relative to the propensity of the cationic amphiphiles to cover water surface and the pressure needed to compact the amphiphiles up to the collapse that corresponds to the destruction of a monolayer. Since all the compounds possess an identical polar head group, the difference of behaviour arises only from the different structures of the hydrophobic domain. The minimal mean molecular area (Å²/molecule) corresponding to pressure of 0 mN/m (lift-off values noted A 0 ) is a first indication of the supramolecular organization of the hydrophobic domain (Table 1 ). In this regard, BSV101 (featuring saturated alkyl chains) exhibits the lower A 0 value (80 Å 2 /molecule) that can likely be explained by the fact that the alkyl chains are partly in all-trans conformation, thus reducing the surface area. The addition of one unsaturation (BSV36) or a thioether function (4a-d) increases the A 0 value from 110 (4b) to 180 (4c and 4d) Å 2 /molecule in comparison with BSV101. The compounds 4c, 4d and BSV36 are those featuring the highest A 0 value and can therefore be considered as the compounds with the most disordered lipid chains in absence of applied pressure. The second significant point is the molecular area at the collapse pressure that indicates how the molecules can be packed together before producing interfacial multi-lamellar packing or aggregates diving in the water phase. To this respect, the presence of unsaturations (BSV36) is a structural feature that induces a collapse at higher mean molecular area indicating that the volume occupied by the oleyl chains is higher than for the other lipid chains considered herein. On the other hand, the compounds 4a-d feature a small surface area at the collapse (from 40 (4b) to 60 (4c) Å 2 /molecule) indicating that the volume of the lipid domain is smaller and/or that these lipid chains can produce a regular packing leading to a small surface area. It can be noted that in absence of pressure compounds 4c-d occupy high surface area whereas in presence of pressure they can selforganized in a dense packing pointing out a capacity to adapt their conformation depending on the constrains. Finally, the pressure at the collapse is an indication of the robustness of the supramolecular packing. In this regard, the absence of unsaturation or thioether function close to the middle of the lipid chain produces the most robust supramolecular packing (4a and BSV101; 50 and 58 mN/m). All the other compounds featured a lower value for the pressure at the collapse at 47 mN/m (Table 1) indicating that the robustness of the monolayer is globally identical for BSV36, 4b, 4c and 4d. Simultaneously to the surface ellipsometric angle (∆, °) was recorded during the compression isotherms using a home-made ellipsometer, in the so-called "null-ellipsometer configuration". The ellipsometric angle (∆) depends on two parameters, the reflexion index and the thickness of the lipid film. The reflexion index is considered constant during compression permitting to consider ∆ as a function of the film thickness. 20 As shown in the Supporting Materials (ESI 4), in absence of pressure the compounds 4c and 4d produced the thinner monolayer (lower value of ∆) whereas BSV101 produced the thicker monolayer. These results are fully consistent with the lift-off values ( Table 1) . Then, fluorescence anisotropy was used to probe the viscosity of the supramolecular packing of amphiphilic compounds. For that purpose, diphenylhexatriene (DPH) was used as a hydrophobic fluorescent probe. This probe is known to be localized within the hydrophobic region and inform on the dynamic process as previously reported for other amphiphilic compounds. 2, 21 As reported in Figure 4 , the structure of the lipid chain deeply impacts their supramolecular dynamics. Indeed, the saturated C18 lipid chain (BSV101) features a transition from gel to fluid phase at the highest temperature (50°C). This observation is also in agreement with the pressure at the collapse, which was the more intense for BSV101 ( Table 1 ). The incorporation of a thioether function decreases the values of the main transition (Tm) with a great influence of its position within the lipid chain. Indeed, compound 4a features a transition at 35°C whereas the three other compounds 4b-d feature almost a similar Tm between 16 to 19 °C. These results are again consistent with the pressure at the collapse since the more robust monolayer (4a, BSV101 ; Table 1 ) features the highest Tm. Finally, the presence of one unsaturation per lipid chain or a thioether group indicates that the Tm is even lower in presence of an oleyl chain (BSV36 ; Tm <0°C). However, at physiological temperature (37°C), the thioether containing amphiphiles 4b-d and the unsaturated compound BSV36 feature almost similar anisotropy. The fluidity of the compounds 4a-d is likely due to the presence of the sulfur atom that prevents a close packing of the molecules. The bigger size of sulfur atom and the induction of a bend in the hydrophobic chain due to the bond angle and bond length involving the sulfur atom are the two parameters that likely account for the fluidity at lower temperature. This bend was determined using molecular modeling. As detailed in the supporting material (ESI 5), a bend of 175.6° was estimated by molecular modelling for the lipid chains present in molecules 4a-d. Next, we recorded for one sample (4d) 31 P NMR (Hahn echo sequence) spectra to further study the supramolecular organization. 22 It must be noted that the reference compound BSV36 produced in similar hydration state a layered packing. 12 The 31 P NMR spectrum of compound 4d (hydrated at a concentration of 100 mg/mL) indicates that this compound adopts also a layered supramolecular packing as attested by both the symmetry of the signal (the most intense peak   is on the right hand side of the pattern) and the chemical shift anisotropy ( > 40 ppm) (ESI 6). 12 Then, the capacity of compounds 4a-d to transfect two humanderived cell lines (i.e. A549 and 16HBE) was assessed at different charge ratios (CR); the latter corresponds to the number of positive charges belonging to the cationic amphiphiles divided by the number of negatives charges coming from the nucleic acids. Since the best transfection efficacies were generally measured at CR=4 (see the full data in the ESI 8), the transfection efficacies at that CR for compounds 4a-d and the two references (BSV101, BSV36) are provided for comparison in figure 5 (the reference compound BSV36 used in this series of assays was previously compared to Lipofectamine). 10 In agreement with previous investigations, saturated alkyl chains (BSV101) are detrimental to transfection efficacies likely due to a too robust supramolecular packing as shown by compression isotherms and fluorescence anisotropy. For A549 cell line, the transfection assays were repeated with a lower quantities of plasmid (0.1 µg/well) and the trend was similar since the best transfection efficacies were obtained at CR=4 and the most efficient cationic amphiphiles were compounds 4c and 4d (ESI 7). The incorporation of a thioether function within the lipid chain can have a positive impact on the transfection efficacies, depending on the position of this function within the hydrophobic chain. A thioether group close to the polar head group (phosphoramide function) has only a weak positive effect on the transfection efficacy (compounds 4a and 4b). On contrary, a thioether function in the middle of the hydrophobic domain (at position 10 or 12) produces efficient gene carriers (compounds 4c and 4d) . On contrary, a thioether function in the middle of the hydrophobic domain (at position 10 or 12) produces efficient gene carriers (compounds 4c and 4d). Interestingly, cationic amphiphiles bearing thioethercontaining lipid chains yield similar or even better efficacies (depending on the cell line considered) when compared with structural analogues featuring unsaturated lipid chains (i.e. oleyl chains, which are present in BSV36 as well as in a large number of cationic amphiphiles commonly used for gene delivery purposes). It is interesting to notice that the most efficient compounds 4c-d combined three identical indicators (Tm below 20°C; pressure at the collapse below 48 mN/m; liftoff pressure A 0 > 150 mN/m). Then, the cell viability was assessed by a bioluminescent method (quantification of ATP) or MTT assays (ESI 8). 80% of viability was globally observed at CR=4 (the most efficient CR) and a higher tolerance was observed for compound 4d (ESI 8). Altogether, we can conclude that the thioether containing amphiphiles, and especially compound 4d, have a weak side effect on the viability and that this viability is similar to those observed with BSV36 (cationic amphiphiles possessing two oleyl chains). Noteworthy, all these experiments (transfection and viability) were carried out with the cationic amphiphiles formulated alone. The incorporation of co-lipids within the formulations or the use of other strategies recently reported could reduce the side toxic effects. 23 These results show that the incorporation of thioether function within the lipid chain is an interesting strategy to produce gene carriers. The two most efficient carriers reported herein (4c and 4d) have a thioether function located close to the middle of each lipid chain.
Experimental A Material
All commercial reagents were used as received. Solvent were dried with a MBRAUN Solvent Purification Systems (SPS-800 series). 1 H, 13 Journal Name ARTICLE (either normal or experimentally-induced) that occurred during the 24 h. of the experiment. This assay was used as recommended by the manufacturer. The results were expressed as percentages relative to the viability of nontransfected cells used as the reference (100% cell viability). For A549, due to difficulties with the ViaLight kit, MTT assays was used following the manufacturer's recommendations
Conclusions
This study reports a simple procedure to incorporate in selective position of a hydrophobic chain a thioether function using photo-click thiol-ene coupling. Accordingly, a homogeneous series of compounds was prepared since the only variation point arises from the presence of a thioether function at different position. These four new compounds were compared with related compounds exhibiting either monounsaturated (oleyl chain) or fully saturated (C18-alkyl) lipid chains. The comparison of the compression isotherms, and fluorescence anisotropy led to the conclusion that the presence of thioether function close to the middle of the hydrophobic chains increase the fluidity of the supramolecular assemblies that can be interpreted as an increase of the disordered state of the lipid chains. The cationic amphiphiles 4c and 4d applied for gene delivery feature high transfection efficacies. The viability at the most efficient charge ratio is around 80% for both cationic amphiphiles indicating that further studies (e.g. association with helper lipid) will be needed to reduce toxicity. Nevertheless, the intrinsic physico-chemical features induced by the incorporation of thioether function in the structure of the lipid chain constitute a new possibility to tune the fluidity of supramolecular assemblies and for the design of other type of amphiphiles (zwitterionic, bola or anionic amphiphiles).
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